Electromagnetic processes associated with a charged particle moving in a strong circular magnetic field is considered in cylindrical coordinates. We investigate the relation between the vacuum curvature emission and Cherenkov emission and argue, that for the superluminal motion of a particle in the inhomogeneous magnetic field in a dielectric, the combined effects of magnetic field inhomogeneity and presence of a medium give rise to the synergetic Cherenkov-curvature emission process. We find the conditions when the operator relations between electric field and electric displacement in cylindrical coordinates may be approximated by algebraic relations. For nonresonant electromagnetic wave the interaction with particles streaming along the curved magnetic field may be described in the WKB approximation. For the resonant waves interacting with superluminal particles we find a particular case of plane-wave-like approximation. This allows a fairly simple calculation of the dielectric tensor of a plasma in a weakly inhomogenous magnetic field. We find in this approximation the polarization of normal modes in 1 the plasma, Cherenkov-curvature and Cherenkov-drift emissivities and growth rates.
Introduction
Despite much theoretical effort, there is still no widely accepted explanation of how pulsars emit the high brightness radio emission by which they were first discovered over thirty years ago. Difficulties with "antenna" mechanisms have led to a resurgence of interest in "maser" mechanisms where an inverted population of electrons and/or positrons amplifies an outgoing wave mode (e.g. Melrose 1995) . Two such maser process that are particular promising are the Cherenkovdrift mechanism (which is Cherenkov-curvature emission with a drift ) and cyclotron-Cherenkov emission at the anomalous Doppler resonance (Kazbegi et al. 1991 ). This paper is concerned with elucidating the physics of the Cherenkov-curvature and Cherenkov-drift processes and developing a new mathematical description of it using cylindrical coordinates. Using this approach, its close relationship to the Cherenkov-type emission processes becomes clear.
Pulsar radio emission is believed to originate on the open magnetic field lines that trace a path from the neutron star surface to the light cylinder at r = c/Ω and beyond. The field geometry is complex close to the star at r ≈ R * ≈ 10 km and near the light cylinder. However, it should be primarily dipole for R * ≪ r ≪ c/Ω. The characteristic length scale, essentially the radius of curvature of the field lines, R B ≈ (cr/Ω) 1/2 , is very large compared to with the wavelength of interest, λ, and so we can adopt a WKB approach following following individual wave packets as they propagate out through the magnetosphere. However, in order to compute the local emission and absorption it is clearly essential that the magnetic field remains curved. The simplest model problem, that retains all of the essential ingredients, comprises the magnetic field due to a line current lying on a rested magnetic cylinder with B ∝ r −1 where r is now a cylindrical radius coordinate (Fig. 1) . In fact, we can ignore the radial variations in the strength of B in computing the local interaction. In this model problem, which we shall use extensively in this paper, the plasma circulates continually along the circular trajectories.
When considering the wave amplification in this problem, we assume that fluctuating currents, present on the field lines at radii smaller than the radius of the considered region, produce electromagnetic fluctuations that are subsequently amplified due to the interation with resonant particles (Fig. 1) . Thus, we consider convective type instability, when the wave is amplified as it propagates through active medium.
A first attack on this problem was made by Blandford 1975 (see also Lou & Melrose 1992 and reference therein). In this paper the energy transfer from a plane infinite electromagnetic waves to a single electron moving with ultrarelativistic speed along a curved trajectory was found to be always positive, independent of the distribution function. Two shortcoming of this approach were noted. The first is that in adopting a plane wave formalism, the interaction length for an individual electron, ≈ R B /γ b , was essentially coextensive with region over which the waves could interact with any electron. The approach precluded a strong amplification under all circumstances because the wave would have to grow substantially during a single interaction in a manner that could not be easily quantified. The second problem was a neglect of dispersion. We address the first shortcoming by expanding the electromagnetic field in cylindrical waves centered on r = 0, and the second explicitly by considering general plasma modes.
It is generally presumed, that electrons and positrons are in their ground gyrational state and follow the curved field lines. This is a good approximation for the bulk of the plasma, which we will suppose travel with a Lorentz factor γ p ≈ 100. However, we believe that there is also a population ultra energetic particles with γ = 10 5−7 and, in the outer magnetosphere, these will experience a curvature drift relative relative to the bulk plasma. This has an interesting consequence that their main electrodynamic interaction is with the waves propagating in the bulk plasma at a finite angle to the magnetic field B. It is these waves, that we believe, become the high brightness electromagnetic waves that escape from the magnetosphere.
We proceed constructively by first analysing in Section 2 the properties of electromagnetic waves in cylindrical coordinates in vacuum and the interaction of the vacuum waves with a charged particle. In Section 3 we analyze in cylindrical coordinates the electromagnetic fields of a particle moving along a spiral trajectory using the dyadic Green's function for the vector wave equation and rederive the curvature emissivity in cylindrical coordinates. This is followed in Section 4 by the generalization to a dispersive isotropic medium and the importance of waves with the phase speed less that the speed of light in vacuum is brought out. In Section 5 we consider anisotropic plasma in infinitely strong magnetic field and derive the curvature emissivity using the Vlasov approach. In Section 6 we discuss the various regimes of the Airy function approximation to the CherenkovCurvature emission and find the conditions for the plane-wave approximation. In Section 8 we calculate the response tensor for a one dimensional plasma in a strong curved magnetic field taking into account the drift velocity. Finally, in Section 9 we analyze the polarization properties of electromagnetic waves in the plane-wave approximation and calculate the increment of the Cherenkov-drift instability.
Vacuum Solutions

Vacuum Normal Modes
We expand the fundamental solutions of the wave equation
in terms of Fourier amplitudes in x and φ coordinates and time:
The wave equation (1) then takes the form
Then the expansion (12) reads
where φ ν is insignificant phase shift. The limits of applicability of this expansion is that k r r ≫ 1 and ζ not very small. The normal modes in this limit are
WKB Solution (Short Radial Wave Length)
We can obtain solutions (16) of Eqns (3-5) using WKB procedure, when the effective radial wavelength is much shorter than the characteristic scale of the problem. Assuming that the solutions of Eqns (3-5) have a form
we find
with k r defined by Eq. (14) . From the quantum theory point of view the dispersion relation for the vacuum modes, i.e. that the Bessel equation (11), is the equation for a particle moving in a two dimensional potential given by the ν 2 /r 2 term in Eq. (11). The characteristic scale of the Schrödinger-type equation (11) is r ν = ν/λ. Solutions are exponentially decaying for smaller radii and have a wavelike structure at larger radii. The condition of applicability of the WKB approach is then k r r ≫ ν, where k r is a typical radial wave number.
The dispersion equation, which is obtained by substituting Eq. (17) in Eqns (3-5), takes a form ǫ
where
For k r ≫ 1/r we can drop the complex part of the tensor ǫ (0) ij (which is not even Hermitian since k r is not Killing vector). The dispersion equation det||ǫ (0) ij || = 0 then gives again
The WKB method breaks down when the radial wavelength becomes comparable to the inhomogeneity scale of the "potential". For a given radius this occurs for
for r = 10 9 cm and the wavelengthλ = 10 cm. The break down of the WKB method may be illustrated graphically. Consider the surfaces of a constant phase of Hankel function H (1) ( Fig 2) . For radii much larger than the "light cylinder" radius, r ν = ν/λ, the surface of a constant phase has a form of unwinding spiral with a wavelength λ/ν. Near the light cylinder the radial wave length becomes comparable to the light cylinder radius. From the quantum mechanical point of view, the kinetic energy, given by the derivative term in Eq . (11) becomes zero at the light cylinder radius. This is the classical reflection point. For larger radii the kinetic energy is real and positive: the solution of the "Schrödinger equation" (11) has a wavelike structure. For smaller radii the kinetic energy is complex: the solution of the "Schrödinger equation" (11) has exponentially decaying form, modified by the presence of the of the reflection point at r = 0.
When approaching the classical reflection point a common approach in quantum mechanics is to use the Airy function approximation to the solutions of the Schrödinger equation. This corresponds to the transition region in the Bessel function expansion, when relations (12) are no longer valid and one should use Airy function expansion. We will discuss the various regimes of the Airy function expansion in Section 6.
Wave-particle interaction
A considerable simplification of the wave-particle interaction in cylindrical coordinates can be made when the interaction occurs in the WKB limit, or, equivalently, when we can use the expansion in tangent for the Bessel functions. From Eq. (12) we find a lower limit on the azimuthal wave number:
for the observed wavelength 10 cm and the curvature radius 10 9 cm. From Eqs. (22) and (24) it follows, that for a given radius and given wavelength cylindrical waves with azimuthal wave numbers in the range (λr) 2/3 ≤ (λr) can be considered in the WKB limit, i.e. in the plane wave approximation.
It is possible to picture graphically the resonant and nonresonant interaction of a particle moving along the circular trajectory. The pattern in Fig. 2 may be thought of as rotating with a frequency λc/ν. A particle at a given distance r 0 with a given velocity v φ is rotating with an angular frequency Ω = v φ /r 0 . A resonant interaction occurs when these two frequencies are equal.
In vacuum,
where r ν = ν/λ is the light cylinder radius for the mode ν. So, in vacuum, the resonance between a particle and a wave always happens inside the light cylinder.
Field of a Single Particle in Cylindrical Coordinates
In this section we find electromagnetic fields from a particle executing helical motion in vacuum. We will rederive the conventional expressions for the cyclotron (or curvature) emissivities using cylindrical coordinates. This will vindicate the validity of our considerations.
Dyadic Green's Function
We seek the solutions of the vector wave equation
where F is electric or magnetic field and Q is a source function. For a single particle source, which is a delta function in coordinates, Eq. (26) is an equation for the Green's function. To find Green's function we first have to find the solutions to the homogeneous equation with Q = 0. The solutions to the homogeneous vector wave equation can be obtained from the solution of the scalar wave equation
(Z ν is any Bessel function) using the relations
Functions (28) 
We note that curlL = 0. L is an expansion in eigenfunctions of the longitudinal electric field from the point source and M and N are expansions in eigenfunctions of the transverse fields.
The orthogonality properties of functions (30-32) are (Tai 1994 )
For the particle moving along trajectory r 0 (t) the eigenfunction expansion of the scalar Green's function for the scalar waves equation
is
This particular choice of Bessel and Hankel functions insures that the solution is regular at zero and corresponds to the outgoing wave at infinity.
The corresponding dyadic Green's functions for the vector waves equation (26) can be found using the relations
where I is a unity matrix, G(r, r 0 ) is the scalar Green's function and G B (r, r 0 ) and G E (r, r 0 ) are magnetic and electric dyadic Green's functions. The eigenfunction expansion of the electric dyadic Green's function is
which, using relations (37) gives
The first term here is just the eigenfunction expansion of the Green's dyadic for the point source.
The magnetic Green's function (the Fourier transform in φ, x and t) for the vector wave equation is
The solution to the inhomogeneous vector wave equation (26) is given by the integral with a kernel given by the dyadic Green's function
where Q(r ′ , λ, ν, k x ) is a Fourier transform of Q(r) and · denotes a scalar product.
For the particle executing the helical motion with the velocity
The Fourier transform of the current is
Using Eqns (39), (42) and (44) we find the transverse component of the electric field:
In the wave zone, λr ≫ 1, and for ν ≫ 1 this can be simplified
(46) Similarly, we find magnetic field
which in the limit λr ≫ 1 and ν ≫ 1 gives
The Pointing flux, S = cE
where dl = rdφ is a unit arc length of a cylinder. We are interested only in the radial component of the flux. Equating the Pointing flux to the emissivity we find
which is exactly the cyclotron emissivity per unit range dφ dω dk x .
Waves in an Isotropic Dielectric
In this section we consider waves in a isotropic, dispersive medium. In such a medium the wave equation is
In an isotropic, dispersive medium the relation between the electric induction D and and electric field may be written as
Form Eqs. (2) and (52) it follows, that in a dielectric the solutions of the wave equation are
Cherenkov Emission in Cylindrical coordinates
We illustrate the features of the fields in the case of Cherenkov type emission taking as an example scalar waves. The solution for the vector waves can then be obtained using the general relations between the solutions of the scalar and vector wave equations.
In cylindrical coordinates the equation for the eigenfunction expansion of the scalar Green's function is given by Eq. (35) with r 0 = 0. The only remaining term is
Using the argument of the δ-function we find
x < 1 the argument of the Hankel function is complex, so that the fields decay exponentially at large distances. For ǫβ 2 x > 1 the argument of the Hankel function is real, which corresponds to outgoing waves. For ǫβ 2 x = 1 the Green's function (57) has a discontinuity, this is the shock front corresponding to the Cherenkov cone.
Dispersion Relation in Infinitely Strong
Next didactic problem that we will consider is a dielectric tensor in cylindrical coordinates for plasma in the infinitely strong circular magnetic field. In this particular case, it is possible to relate the electric field and the electric induction in cylindrical coordinates through a conventional dielectric tensor.
One Dimensional Plasma in Inhomogeneous Magnetic Field
The equations governing the electrodynamics of a plasma in a strong , weakly inhomogeneous magnetic field are the wave equation
and collisionless Vlasov equation
is a force due to the curvature of magnetic fields and B 0 is the external magnetic field, f (r, t, p) is a particle distribution function, j(r, t) is a current, q is a charge of particles.
We represent the distribution function as a sum of the unperturbed distribution and fluctuating part: f (r, t) = f (0) (r) + f (1) (r, t). The unperturbed distribution function satisfied the equation
From Eq. (62) it follows that for the particles initially in the ground gyrational level the zeroth order distribution function depends on the unperturbed velocity
u d is a curvature drift velocity. Making a Fourier transform in time, φ and x (∝ exp{i(νφ + k x x − ωt)) , we find an equation for f (1) (r, ω):
Infinitely Strong Magnetic Field
Equation (64) is a differential equation. This reflects the fact, that in cylindrical coordinate (any curvilinear coordinates) the relation between electric field and electric induction involves dielectric tensor operator 1 . The case of infinitely strong magnetic field allows a considerable simplification: in this case the operator relation is reduced to algebraic, e.i. to the conventional dielectric tensor.
In the case of infinitely strong magnetic field the velocities across the field are zero: v x = 0 and Eq. (64) can be solved for f
(1) (r, m, k x , ω):
The corresponding current density is
where f (1) (r, m, k x , ω, p φ ) = dp x dp r f (1) (r, m, k x , ω, p)
is a one dimensional distribution function.
We can now introduce a dielectric tensor
2 m e dp φ γ 3
The wave equation now reads
To illustrate the solutions of Eqs. (70 -72) we show how, in the WKB approximation, the solutions can be obtained for a given dependence K(r) in the case k x = 0. Then we find exact solutions for k x = 0 and constant (independent of r) K.
Propagation with k x = 0
For k x = 0 the equation for E x separates from the equations for E r and E φ . From Eq. (72) we find
Using Eqs (73) and (74) it is possible to show that the following relation holds:
which can be derived directly from the relation div D = 0, where D i = ǫ ij E j is the electric induction. Using Eq. (75) we find
where K is the estimated in this particular frame. Equation (77) can be solved using WKB method for a given dependence K(r). If K(r) is a constant (as a functions of r), then it is possible to find exact solutions:
Curvature Emission in Vacuum and in the Isotropic Medium
In this section we'll show how the conventional emissivities for curvature emission can be obtained in our approach. We will calculate the single particle emissivity by computing the imaginary part of the dielectric tensor and using the two expressions for the growth rate Γ:
where w(k, p) is the probability of photon emission per unit range of wave vectors dk, e α is the polarization vector of the normal mode, ǫ ′ αβ is the real part of the dielectric tensor and ǫ ′′ αβ is the complex part of the dielectric tensor.
Effectively, we calculate the induced energy loss of a particle due to the interaction with a wave and then, using Einstein relations between the induced and spontaneous emission, we find the spontaneous emissivity. When calculating a single particle vacuum emissivity as one should use Bessel function which are regular at the origin: putting a conducting cylinder at the origin would change the single particle emissivity.
We find
Approximating ǫ ′ αβ = δ αβ we find the single particle probability of emission
and emissivity
where we used k ⊥ dk ⊥ = ωdω/(2πc) 2 . This is emissivity per unit range dk x dωdφ.
Introducing notations k x = ω/c sin θ, dk x = ω/c cos θdθ, λ = ω/c cos θ and β φ = Ωr/c the expression for the curvature emissivity may be reduced to
This is emissivity per unit solid angle dΩ. This is exactly, the expression for the single particle curvature emissivity in vacuum (Melrose 1986, Eq. (13.62) ). We stress, that Eq. (83) was obtained in cylindrical coordinates. It gives a single particle emissivity per unit frequency, which is, of course, independent of the coordinate system used. In our approach, which treats the wave-particle interaction as resonant, the impossibility of the amplified curvature emission in vacuum, first derived by Blandford 1975 , follows from the fact that in vacuum there are no subluminous waves, so that no waves have a phase velocity that could fall into the region where the derivative ∂f (p φ )/∂p φ is positive.
Similarly, we can obtain a curvature emissivity in an isotropic medium:
(emissivity per unit solid angle dΩ).
Airy function approximation
In this section we consider the Airy function approximation to the curvature emissivities of ultrarelativistic particles in a medium. We assume that a particle is moving through a dielectric with the permittivity ǫ > 1. We show, that for large energies of the particle, when it is moving with the velocity larger than the speed of light in a medium, a qualitatively different expansion of the Airy function should be used.
In the transition region, when the argument of the Bessel functions is large and close to their orders it is possible to use the Airy function approximation
where Ai (x) is Airy function. In vacuum, the argument of the Bessel functions is always smaller than the order: λr = νβ φ cos θ < ν. In a medium, the argument of the Bessel functions can become large than the order. In a dielectric, the argument of the Bessel functions isλr = ω 2 ǫ/c 2 − k 2 x r. If we introduce a notation k x = ω √ ǫ/c sin θ (this is a definition of angle θ, the condition of regularity at infinity, λ 2 > 0 insures that sin θ < 1), then we haveλr = ν √ ǫβ φ cos θ, which can be larger than ν if β φ > 1/ √ ǫ -for the superluminal motion of a particle. Using these notations we find
for ǫ = 1 + 2δ, δ ≪ 1, γ ≫ 1 and θ ≪ 1. It is clear from Eq. (86), that in vacuum z < 0 and in a medium z becomes positive for superluminal particles. Following the discussion of Section 2.1.2, we can identify the light cylinder radius for the mode ν as r ν = ν/λ. We can argue, that in the case z > 0 the resonant interaction of a particle with a wave occurs outside the light cylinder
A transition through point z = 0 (light cylinder) is nontrivial. It resembles phase transition (Schwinger et al. 1976 ) in a sense that correlation length for thermal or quantum fluctuations is very large near the transition. The physical conditions beyond and above the transition point are essentially different.
For superluminal motion the collective effects of the medium play important role. In this case, the corresponding emission process can be called Cherenkov-curvature emission, stressing the fact that both inhomogeneous magnetic field and a medium are important for the emission. In the vacuum limit, n → 1, Cherenkov-curvature emission emission reduces to the conventional curvature emission. Conventional Cherenkov radiation may be obtained in the limit r → ∞ after integration over ν (see Schwinger et al. 1976 for the corresponding transition for the cyclotronCherenkov radiation).
The emissivity for the Cherenkov-curvature process is
For z < 0 this reduces to the conventional representation for synchrotron emission in terms of MacDonald functions K 1/3 . For z > 0 Eq. (88) gives
where we used
Emissivity (89) may be simplified in the case ξ ≫ 1. Then we can use the asymptotic expansion for Airy functions
to find
where ξ = (2z) 3/2 /3. For δ ≫ 1/γ 2 , and δ ≫ θ 2 the condition z ≫ 1 implies δν 2/3 ≫ 1. Then (92) can be further simplified:
In this context we note, that the total spectral power for the curvature emission in a medium, viz
for the case of superluminal motion, nβ φ > 1, can be reduced to the explicitly Cherenkov-type emission form:
with Λ(z) of the order of unity for z ≥ 1 (Schwinger et al. 1976 ).
Resonant Electromagnetic Waves in the Asymptotic Regime z ≫ 1
We wish to simplify the relations (53-56) in the limit z ≫ 1. Instead of standing waves, described by Bessel J functions, we consider propagating waves, described by Hankel H
(1) and H (2) functions. For the outgoing waves, corresponding to H (1) , we find in the limit z ≫ 1:
√ πν 1/3 z 1/4 e 
Next we define the radial wave number
Using Eqs (96) and (97) we find
Introducing a notation k φ = ν/r the waves in the isotropic dielectric in the limit z ≫ 1 may be written
with k = {k r , k φ , k x } and a phase dependence exp{
With these notations the dispersion realtion is
Relations (99-102) look similar to the relations (16), though they were obtained in quite a different manner. Expansions (16) are valid for λr − ν ≥ ν with the radial wave vector defined by (14). Expansions (99-102) are valid for λr ≈ ν and ξ ≫ 1 (the radial wave vector in this case is defined by (98)).
The importance of these results is that in these two limits, the electromagnetic wave in cylindrical coordinates look like plane waves. This is a considerable simplification. It allows one to implement a well developed technique of Fourier transforms in considering the wave propagation. This representation of the electromagnetic fields requires (i) the presence of a medium with the index of refraction n > 1, (ii) superluminal motion of the resonant particle δ > 1/(2γ 2 ), (iii) large harmonic number ν > δ −3/2 .
Another important feature is that in this limit there is an additional freedom in the choice of wave polarizations in an isotropic dielectric. For example, we can introduce the polarization vector corresponding to the waves (99-102):
which satisfy relations
The special role played by the e x in defining the polarizations of the normal modes comes from the fact that in the isotropic homogeneous medium the solutions of the vector wave equations may be chosen to be tangential to the coordinate surfaces e x . In the nonisotropic medium this is not true (see Sec. 9).
Alternatively, in the limit z ≫ 1 we can chose the following polarizations
(see Fig. 3 ). This particular choice of polarizations has an advantage that it may be related to the polarizations in the streight field line geometry.
Response Tensor for a One Dimensional Plasma in a Curved Magnetic Field
We will calculate the response tensor of a one dimensional plasma in cylindrical coordinates using the analogy of the forward-scattering method (see e.g. Melrose 1986) adopted to cylindrical coordinates. We represent the current as a sum of currents due to the each single particle moving along its trajectory: j(r, t) = dr 0 dp j sp (r, t)f (p, r 0 (t))
We expand the single particle current (denoted by the subscript sp)
in Fourier amplitudes in time, k x and φ and in Hankel amplitudes in r
where we used a Hankel transform of the delta function
3 A Hankel transform is defined as
We expand the orbit of the particle in powers of wave amplitudes:
The first order Fourier transform of the single particle current is then
The orbit of a particle is found by solving the equation of motion dp dt
where F 0 (t, r, v) is a force acting on a particle when no wave is present and F (1) (t, r, v) i.e. a force acting on a particle due to the presence of a waves. Expanding Eq. (113) in powers of waves amplitudes we find dp
The force F (1) (t, r 0 , v 0 ) can be expanded in Fourier amplitudes
Equation (115) can be solved for the first order velocity perturbationṙ (1) (t) and first order trajectory perturbations x (1) (t), φ (1) (t) and r (1) (t):
where tilde denotes Fourier transforms. The first order single particle current then becomes
(1) (118)
Using this single particle current we can calculate the current (107). In the general case, current (118) may be related to the electric field of the perturbing wave through a generalized dielectric tensor:
where E is a dielectric tensor operator which involves a Hankel transform of the external current and partial derivatives with respect to r. This is different from Cartesian coordinates, where the electric induction is related to the electric field through a dielectric tensor 4 . To simplify the calculations we assume that the radial dependence of both the Hankel transform of the external current and of the perturbing electric field can be approximated by the plane wave form. For the nonresonant term in the dielectric tensor operator this is justified in the WKB limit, while for the resonant terms this is justified for subluminous waves in the limit δν 2/3 ≫ 1.
Thus, in the Hankel transform of the external current and in the derivatives of the perturbing electric field, we can identify
In this approximation the Hankel transform of the external current will reduce to the Fourier transform in r and the derivatives of the perturbing electric field are replaced by ik r . The dielectric tensor operator E then becomes a conventional tensor. The integration of the induced current over dφ
) that are subsequently removed by the corresponding integrations. For r 0 = const, the time and dω ′ integrations insure that only secular terms are retained. The integration over dξ and dr 0 are removed using relation (110).
Perturbed Trajectory
The equations of motions for a particle in a circular magnetic field when the Larmor radius is much smaller than the radius of curvature are the following:
where F (r 0 ) is the force due to the weak inhomogeneity of the magnetic field.
We solve Eqs (121-123) by expanding in powers of waves amplitudes. In the zeroth order we find:
, so that the force due to the curvature of the magnetic field is balanced by the Lorentz force eB 0 u d /c.
(1)
The last three terms in Eq. (124) are due to the variation in the curvature force F . We assume that in Eq. (124) the terms proportional to the change in the radius of a particles and the change in the Lorentz factors are negligible. Then, expanding Eqs (124 -126) in Fourier amplitudes we find the solutions:
The first order variations in trajectory are
In cylindrical coordinates, using the relation (6) we have
Simplified Response Tensor
Using Eqns (127 -131) we can find the dielectric tensor operator E. In Sections 2.1.1 and 2.1.2 we discussed when the operator relations between electric field and electric displacement can be simplified to algebraic relations for the nonresonant waves, and in Section 7 we found a limiting case z ≫ 1 when this can be done for the resonant waves. In these limits it is possible to change all the radial derivative ∂ r → ik r . The relations between magnetic and electric field them simplify
The resulting dielectric tensor is still complicated. It can be simplified according to the following procedure: (i) for the nonresonant parts the drift velocity is small and can be neglected, (ii) for Cherenkov-type resonances (resonances that do not involve ω B ) we retain all the terms, (iii) for cyclotron-type resonances (resonances that do involve ω B ) we assume that k x /k φ ≈ u d /c, u d /c ≫ 1/γ and expand in small drift velocity retaining only the first terms in u d and k x . Implicit in this expansion in small u d is the assumption that γω
In this limit, in the cyclotrontype resonant terms involving drift velocity we can approximate v φ ≈ c. The dielectric tensor is then
Here
where f α are one dimensional distribution functions of the components α.
This dielectric tensor reduces to the dielectric tensor for plasma in straight magnetic fields for u α = 0. It takes a correct account of the Cherenkov-curvature emission and gives the drift corrections to the cyclotron emission. We also note that this dielectric tensor is nonhermitian, since k r is not a Killing vector.
Waves in Cylindrical Coordinates in Anisotropic Dielectric
In this section we consider polarization of waves in anisotropic dielectric in cylindrical coordinates. Since the dielectric properties of a medium are determined by the nonresonant wave-particle interaction, we assume that it can be considered in the WKB approximation, so we can use the dielectric tensor (133). The properties of a inhomogeneous medium are determined by the very strong, circular magnetic field.
Infinitely Strong Magnetic Field
In the infinitely strong magnetic field the dielectric tensor is (67). Dispersion relation is then 
where e (t) and e (lt) are polarization vectors of the t and lt mode according to classification of Kazbegi et al. 1991 . The electric field of the t-wave is always perpendicular to the magnetic field and the wave vector.
In the limit K → 0 the polarization vector for the lt wave reduces to e (lt) = 1 n ⊥ {−n r n φ , n ⊥ , −n x n φ } (137)
Finite Magnetic Field
In the finite magnetic field the dielectric tensor can be found from Eq. (133). For a cold plasma in the center of momentum frame the dielectric tensor is 
So that the polarization vectors are the same as in the case of infinitely strong magnetic field within factors ω 2 p /ω 2 B .
Growth rate of the Cherenkov-drift instability
Next we calculate the growth rate of the Cherenkov-drift instability ) of a beam propagating through a medium. In the plane-wave approximation the resonance condition is 1 2 γ 2 res − δ + k 2 r 2k 2 φ + 1 2
where we used v res = c(1 − in the outet parts of pulsar magnetosphere can explain the features of the core emission (Rankin 1992) . 
ν for ν = 5. Circle λr = ν is an analog of a light cylinder. For radii much smaller than the "light cylinder" radius r ν = ν/λ, the rotation is similar to solid body rotation, while for the radii much larger than the light cylinder radius the surface of a constant phase has a form of unwinding spiral with a wavelength λr/ν. Fig. 3. -Polarization of normal modes in the limit of very strong magnetic field. The electric field vector of the t-mode is in the plane e r −e x and the electric vector of the lt-mode is orthogonal to e t − k plane. 
